The complete pullulanase gene (amyB) from Thermoanaerobacterium thermosulfurigenes EM1 was cloned in Escherichia coli, and the nucleotide sequence was determined. The 
of at least two different segments. One segment of about 70 kDa contained two copies of a fibronectin type III-like domain and was followed by a linker region rich in glycine, serine, and threonine residues. At the C terminus, we found three repeats of about 50 amino acids which are also present at the N termini of surface layer (S-layer) proteins of, e.g., Thermus thermophilus and Acetogenium kivui. Since the pullulanase of T. thermosulfurigenes EM1 is known to be cell bound, our results suggest that this segment serves as an S-layer anchor to keep the pullulanase attached to the cell surface. Thus, a general model for the attachment of extracellular enzymes to the cell surface is proposed which assigns the S-layer a new function and might be widespread among bacteria with S-layers. The triplicated S-layer-like segment is present in several enzymes of different bacteria. Upstream of amyB, another open reading frame, coding for a hypothetical protein of 35.6 kDa, was identified. No significant similarity to other sequences available in DNA and protein data bases was found.
Clostridium thermosulfurogenes has been recently reclassified as Thermoanaerobacterium thermosulfurigenes (17) . Strain EM1, which will be renamed accordingly, is known as a potent producer of starch-degrading enzymes (2, 19) . The thermostable enzymes a-amylase and pullulanase have been purified and characterized (48) . Pullulanase (pullulan-6-glucanohydrolase [EC 3.2.1.41]) cleaves a-1,6-glycosidic linkages in pullulan, a polysaccharide produced by the fungus Aureobasidium pullulans that consists of ax-1,6-linked maltotriose units. In combination with a-amylases, P-amylases, and glucoamylases, pullulanases are used to improve the starch saccharification process. The pullulanase of T. thermnosulfurigenes EM1 hydrolyzes ot-1,6 as well as at-1,4 linkages in various soluble and branched sugar polymers, resulting in their complete breakdown and the formation of maltotriose and maltose. Because of this dual specificity, this enzyme was named pullulanase type II (1) .
During growth of T. thermosulfurigenes EM1 on starch, up to 90% of the enzymes are found to be cell associated (20) . However, cultivation of this bacterium in a chemostat under starch limitation leads to overproduction of a-amylase and pullulanase and large amounts of both enzymes can be found in the culture fluid (2) . The secretion is paralleled by degradation of the cell envelope layer and the formation of blebs and vesicles (3) . However, bleb and vesicle formation also occurs in the absence of a-amylase and pullulanase synthesis (46) . The effect of the change in the cell envelope structure on enzyme secretion has not been investigated in detail.
Seven major forms of pullulanase from T. thernosulfurigenes EM1, with molecular masses between 93 and 490 kDa, have been described (48) . Interestingly, these various pullulanases have identical isoelectric points and N-terminal amino acid sequences. It has been speculated that association of glycocomponents with the protein during secretion, protein-protein association, and/or proteolysis from the C terminus are possible reasons for the multiplicity of this enzyme.
In this report, we describe the pullulanase-encoding amyB gene of T. thernosulfuigenes EM1 and the structure of the enzyme. In addition, a model for pullulanase attachment to the cell surface is proposed.
MATERIALS AND METHODS
Bacterial strains and plasmids. T. thermosulfurigenes EM1 (19, 20) Nucleotide sequence accession number. The DNA sequence data reported here have been submitted to the GenBank data base and have been assigned accession number M57692.
RESULTS
Cloning and sequencing of the pullulanase-encoding amyB gene of T. thermosulfurigenes EM1. As reported earlier, E. coli expresses an active pullulanase from a 5.3-kbp partial Sau3A DNA fragment of T. thermosulfurigenes EM1, cloned in the BamHI site of pUC18 to yield plasmid pCT3 (8) . However, DNA sequence analysis revealed that only the 5' end (3, 827 bp) of the pullulanase-encoding amyB gene had been cloned.
To obtain information on the entire gene, the 3' end was cloned by chromosome walking. Figure 1 shows a schematic map of the cloned fragments and the corresponding chromo- (5, 37) , are located in the same region of the chromosome (25) , it is also possible that amyB is part of a polycistronic operon which encodes a protein involved in starch degradation.
The amyB gene had a G+C content of 35 mol%, which is in good agreement with the value of 37 mol% reported for the total genomic DNA of T. thermosulfujigenes EM1 (19) . The codon usage of the amyB gene showed a strong bias towards codons containing predominantly A and T, as expected from the relatively low G+C content.
Amino acid sequence comparison and structural analysis of pullulanase. The pCT3-encoded truncated pullulanase protein (100 and 130 kDa) is fully active, and no differences, e.g., in thermostability and pH optimum, from the original enzyme were detected (8) . This fact indicates that the C terminus contains additional domains not necessary for enzymatic activity. Thus, it was not surprising that analysis of the amino acid sequence revealed a composite structure of the pullulanase of T. thermosulfurigenes EM1 consisting of catalytic and noncatalytic domains. The domain structure of the pullulanase is schematically shown in Fig. 3 and will be explained below.
As expected, the N-terminal half of approximately 800 amino acids represented the catalytic domain with the four consensus regions of amylases (24, 30) and a signal peptide.
The first 35 Fig. 4 . The C-terminal segment contained three repeats of 47, 49, and 51 amino acids, which were similar to an N-terminal region of the surface layer (S-layer) proteins of Acetogenium kivui (32), Thermus thermophilus (10), and Thermotoga maritima (9) . In addition, these S-layer-like repeats are present in the endoxylanase of T. saccharolyticum (18) , the cellulase of Bacillus sp. (31) , and the putative cellulosomeanchoring protein (ORF3p) of Clostridium thermocellum (11) (Fig. 5) . (47) . Since the different forms of the pullulanase have identical N-terminal amino acid sequences (48) , which are in agreement with the deduced amino acid sequence reported here from residue 36 onwards, and since two pullulanase forms from one gene fragment were also observed in E. coli (8), we conclude that the seven major pullulanase forms of T. thermosulfurigenes EM1 are the product of one gene. The discrepancy between the calculated molecular mass and the apparent molecular mass of the largest forms, i.e., 290 kDa, is probably due to glycosylation of the enzyme. Experimental evidence for glycosylation, especially of the larger forms, has been provided (48), and numerous possible glycosylation sites are present in the enzyme (Fig. 2) . Furthermore, the C-terminal domain of the pullulanase is similar to S-layer proteins (see below), which are known to be glycoproteins in some bacteria (27) . The fact that the small pullulanase forms, e.g., the 93-kDa enzyme, are still active is in agreement with the fact that the catalytic domain was found in the N-terminal half of the enzyme (Fig. 3) . The possible function of the C-terminal half of the enzyme, which is apparently not necessary for enzymatic activity, will be discussed below. In addition to identical N-terminal sequences the seven major pullulanase forms have the same isoelectric point (4.0) (48) . On the basis of the sequence information, this pI constancy was confirmed by calculating the isoelectric points of several deduced pullulanase species that differ in size. In all cases, pls of 4.3 to 4.4 were found.
In general, there are two possible ways in which the different pullulanase forms are generated: (i) specific processing of the mRNA from the 3' end and (ii) processing of the enzyme from the C terminus by a protease. Preliminary results obtained by mRNA analysis (29) indicated the presence of several amyBspecific mRNA species of different sizes in T thermosulfurigenes EM1 and also in E. coli containing plasmid pCT3. As already mentioned above, two enzyme forms are also found in the recombinant E. coli strain. Thus, whatever mechanism is responsible for the different pullulanase forms, it seems to be conserved in both bacteria.
Implications for the attachment of extracellular proteins to the cell surface and for pullulanase secretion by T. thermosulfurigenes EM1. During growth of T thermnosulfurigenes EM1 on starch, most of the pullulanase is cell associated (20) . By thennosulfungenes EMI; Xyl, endoxylanase of T. saccharolyticum (18) ;
Cel, cellulase of Bacillus sp. (31) ; Cth, cellulosome-anchoring protein of Clostridium thernocellum (11) ; Aki, S-layer protein of Acetogenium kivui (32); Tth; S-layer protein of Thernnus thermophilus (10) ; Tma, outer membrane protein alpha precursor of Thermotoga maritima (9) .
Residues that are similar or identical in at least five of the Pul, Xyl, or Cel segments and in at least one of the surface proteins are shaded. Similarity criteria are the same as for Fig. 4 . therinosulfurigenes EM1 to the cell surface. The drawing is not to scale.
Because of its similarity to S-layer proteins, the C terminus of the pullulanase might be able to integrate itself into the lattice of the S layer. The specific function of the domain conserved in S-layer proteins and the pullulanase remains to be determined. A linker region between the S-layer anchor and the remaining part of the enzyme, including the catalytic domain, might give the necessary flexibility for an optimal attack on a starch molecule.
immunogold labeling of cells by low-temperature embedding, the pullulanase was localized at the cell periphery (46) . However, it was not known to which component of the cell envelope the enzyme is attached. On the basis of the pullulanase sequence analysis reported here, we propose the following model of how this attachment to the cell surface is achieved (Fig. 6) (45) . Because of the structural similarity to the S-layer protein, the C-terminal domain of the pullulanase might be able to integrate into the regularly ordered structure of the S-layer, thus serving as an S-layer anchor of the enzyme. However, the specific function of this conserved domain in S-layer proteins and extracellular enzymes remains to be determined. The model explains why, in a chemostat under starch or phosphate limitation, the enzyme was no longer cell associated and could be isolated from the culture fluid (2) . Under these conditions, degradation of the cell envelope, including the S-layer, was observed (3). Thus, the attachment site of the enzyme was lost and consequently it was released into the medium. The factors triggering the changes in the cell envelope remain unknown. There are two reasons why we think that attachment of extracellular enzymes to the S-layer might be widespread among bacteria and archaea. (i) We have identified two other genes of T thermosulfurigenes EM1 that encode proteins with a triplicated S-layer-like domain almost identical to that of pullulanase (25) . One protein is a xylanase, whereas the function of the other is not known. Although the xylanase of this organism has not been characterized, we propose that it is cell associated by a mechanism similar to that of pullulanase.
In this connection, it should be mentioned that the a-amylase of T. thermosulfurigenes EM1, which is also located at the cell periphery but does not have the S-layer-like domain (4) , might be in contact with another cell envelope component, i.e., the cytoplasmic membrane (46) . (ii) The triplicated S-layer domain is present in several enzymes of other bacteria (Fig. 5) , and furthermore, it has been proposed that the cellulosome of anchoring of fatty acid acylated proteins, e.g., the pullulanase of K pneumoniae (34) , to the cytoplasmic or outer membrane. Furthermore, attachment of surface proteins of gram-positive bacteria to the peptidoglycan by a special sorting signal at the C terminus has been recently described (42) .
